INTRODUCTION 66
The majority of primate species across the globe are either under threat of extinction or 67 experiencing population declines (Estrada et al., 2018) . Non-human primate densities 68 tend to decrease in unprotected areas, yet non-human primates (hereafter, "primates") 69 can nevertheless still flourish in areas of human activity, suggesting both a vulnerability 70 and a resilience to anthropogenic disturbance (Cavada, Barelli, Ciolli, & Rovero, 2016) . 71 Some human activities (e.g., those contributing to climate change) tend to be more 72 disruptive than others (e.g., habitat fragmentation), but different primate species also 73 exhibit differential responses to each threat. Some This variation is likely due to a number of factors, from species-specific characteristics 77 (i.e., dietary breadth) to habitat characteristics (i.e., species richness). For example, in 78
Bornean forests tree density predicts primate species richness much better than the 79 degree of habitat disturbance does (Bernard et al., 2016) . Understanding how species 80 and habitat characteristics together contribute to resilience is critical for effective 81 conservation efforts. 82
83
One key primate habitat that remains relatively understudied is the tropical dry forest. 84
Tropical dry forests are widely distributed and diverse habitats that simultaneously 85 support a number of endemic species while also experiencing significant anthropogenic 86 disturbance (Dryflor et al., 2016; Miles et al., 2006) . Despite warnings about the tropical dry forests in North and Central America are vulnerable to anthropogenic 90 disturbance (Miles et al., 2006) . However, a variety of primate species are found in 91 tropical dry forests, with some even continuing to flourish in fragments. Most notably, 92 white-faced capuchins (Cebus capucinus), howler monkeys (Alouatta palliata), and 93 spider monkeys (Ateles geoffroyi) are common sympatric species, yet they demonstrate 94 markedly divergent responses to fragmentation and other forms of anthropogenic 95 disturbance (e.g., Williams-Guillén, Hagell, Otterstrom, Spehar, & Gómez, 2013). 96 97 Understanding how different species respond to anthropogenic disturbance has 98 important implications for conservation and reforestation efforts. This is especially true 99 when it comes to tropical dry forests, which were once the predominant forest type on 100 the west coast of Central America (Gillespie, Grijalva, & Farris, 2000 (Heltne, Turner, & Scott, 1976) . 124 125 Here, we studied plant and wildlife abundance in the Taboga Forest (hereafter, 126 "Taboga") of Costa Rica. Taboga presents an ideal opportunity to understand primate 127 abundance in relation to habitat quality for a number of reasons. First, the Taboga 128 forest, where the dry season would normally limit the viability of many fauna that 136 depend on above-ground water. 137 138 One of our primary goals is to estimate the density of white-faced capuchins in the 139 forest (as well as the mantled howlers to serve as a comparison species). Specifically, 140
we address the following questions: (1) What is the density of capuchins in Taboga, and 141 how does this compare to other long-term sites with white-faced capuchins? To answer 142 this, we first compare group size and home range size of known groups across long-143 term capuchin sites. (2) Does the large amount of edge habitat contribute to capuchin 144 abundance at Taboga? To answer this, we next compare the plant composition of edge 145 and interior forest. We predict higher species richness, mean diameter at breast height 146 (DBH), and canopy coverage in interior compared to edge forest (Bolt et al., 2018) . 147
Third, we expect to find significant seasonal effects on canopy coverage, with lower 148 coverage during the dry season. However, because capuchins have been shown to 149 have neutral or even positive edge effects (e.g., Bolt et al., 2018) , we expect to find no 150 significant differences in species richness and mean DBH for tree species associated 151 with capuchins (i.e., that capuchins use for food or fur-rubbing). Fourth, because of the 152 long-term anthropogenic disturbance around Taboga, we expect to find significant 153 differences in the species richness and DBH for indicator tree species associated with 154 the first stage of forest succession in tropical dry forests (Kalacska et al., 2004) . 155 to howler abundance? We expect that both howler and capuchin monkeys will show 158 neutral edge effects (Bolt et al., 2018) . However, because Taboga is a tropical dry 159 forest, we expect to find higher primate abundance within 100 m of reliable water 160 sources (i.e., rivers and large canals), but this should mainly apply to capuchin groups, 161 as howler monkeys are less dependent on above-ground water (Fedigan & Jack, 2001) . hectares). There is also a tilapia farm and research center as well as a water research 175 laboratory. As such, Taboga is characterized by distinct forest edges (i.e., farm land and 176 roads) as well as more transitional or "natural" forest edges (i.e., canals and rivers). The 177 reserve is almost exclusively bordered by sugarcane and rice fields, aside from a 2 km 178 perimeter that borders private forested land and 1 km bordering public forested land. Fig. 3a ). However, for simplicity, we refer to this entire area as the Taboga Forest or "Taboga".
181
Taboga is largely characterized by seasonally dry tropical forest, a highly threatened 182 ecosystem that features a closed canopy and seasonal deciduousness (Janzen, 1988; 183 Miles et al., 2006) . In addition to the dry forest, there are also riparian, semi-deciduous 184 forests around the river and a palm forest dominated by the native species Attalea 185 rostrata, part of which becomes inundated during the wet season. The area experiences 186 two distinct seasons ( ). However, we prefer the more 204 general name C. capucinus because the defining feature of the capuchins first 205 described as "imitator" is a frontal tuft in females, something that is clearly absent in our 206 populations (Thomas, 1903) . Our research group has identified at least 12 distinct 207 capuchin groups in the reserve since July 2017. We collect GPS data on group 208 movements and behavioral data on three of these groups ("Tenori", "Mesas", and 209 "Palmas"), including regular group scans (all groups) and weekly focal follows of each 210 individual (in Tenori group and some individuals in Mesas group). Whenever possible, 211 groups are followed from their morning sleeping site to their evening sleeping site. The 212
Tenori group is entirely habituated to observers on foot, and the Mesas and Palmas 213 groups are mostly habituated. These three groups range in size from 16 (Mesas) to 17 214 (Tenori) to 36 individuals (Palmas). The breakdown of age / sex categories can be 215 found in Table 1 . 216 
Ranging data 221
We collected ranging data for three capuchin groups (Tenori, Mesas, and Palmas) 222
between Jan 2018 and Apr 2019 ( Fig. 3d ). We spent a total of 1482 hours (220 223 Table S1 ). 279
Second, to test whether canopy cover varied between edge and interior forest and/or if (edge or interior), season (wet or dry), and the interaction between the two as fixed 282 effects. We controlled for transect number as a random effect and log transformed 283 canopy cover as the dependent variable. 284 285
Primate survey 286
Between Feb-Apr 2019, we conducted a primate population survey using 32 line 287 transects comprising pre-existing roads and paths (i.e., along canals or firebreaks) and 288 a network of trails created by the project (19 cut trails total, each at least 0.2 km apart; 289 Fig. 3b ). Transect lengths ranged from 0.2 km to 2.2 km and we walked most transects 290 twice (once in the morning between 6:00-10:00 and once in the afternoon between 291 14:00-16:00), each time in an alternate cardinal direction, for a total of 55 km in 292 transects. Three transects were only walked once due to lack of maintenance. 293
Transects were not surveyed when it was raining. 294 295 Transects were walked by teams of observers (typically 2 and no more than 5), traveling 296 at a speed of 1.5 km/h and stopping every 100 m for 2 min of detailed observation (Bolt 297 et al., 2018; Pruetz & Leasor, 2002) . When more than one team searched on the same 298 day, teams walked transects that were more than 0.2 km apart to avoid double-counting 299 primate groups. Upon encountering a primate group (defined here as sighting one or 300 more individuals), observers recorded the time of day, primate species, and location 301 (using a Garmin eTrex 10 or 20 handheld GPS unit). Observers paused for 10 min to count individuals of each age/sex class, when possible, and then returned to the 303 transect. 304 305
Primate survey analyses 306
We then determined whether observations of primate groups were more likely in 307 different forest type (i.e., edge vs. interior; Fig. 3c ) or proximity to a permanent water 308 source (i.e., <100 m vs. >100 m; Fig. 3c ). For each species of monkey (i.e., capuchins, 309 howlers), we fit a generalized linear mixed model where the dependent variable was the 310 number of observations of primate groups for each species. We assumed the number of 311 encounters on each transect followed a Poisson distribution whose log mean depended 312 on forest type and proximity to water as fixed effects and transect number as a random 313 effect. We also added a constant offset term to each model to account for different 314 research effort on transects of different lengths. 
Capuchin density and home range size 324
The density of capuchins in the Taboga Forest is higher than that reported from all other 325 long-term white-faced capuchin sites (Table 2) population-based estimates range from 5.60-20.00 individuals / km2 (Table 2) . 330 Therefore, with the exception of BCI, the Taboga population is 2-6 times more dense 331 than other white-faced capuchin sites. Moreover, we believe the total estimate from the 332 Taboga Forest is a conservative estimate because we suspect that several capuchin 333 groups were not censused during our primate surveys (the forest continues into private 334 land that we are not allowed to survey). We estimate that there are three additional 335 capuchin groups here that also range into the Taboga Forest. 336
337
With respect to our habituated groups, Tenori had the smallest range size (60.5 ha, 338 70% of which was "edge" habitat) in comparison with Mesas (129.4 ha, 60% edge) and 339 Palmas (102.1 ha, 57% edge) groups (Fig. 3d ). We do not yet have accurate estimates 340 of how much our capuchin groups overlap. We will soon have data from another group 341 (Escameka group) that overlaps with the Mesas group, providing us with two points of 342 overlap (Tenori and Palmas groups, and Mesas and Escameka groups). 343 
Vegetation survey 350
Contrary to our predictions, we found no significant differences in the interior and in the 351 edge for mean tree DBH (Mann Whitney U; U = 185.5, p = 0.70; Table 3 ), mean tree 352 species richness (U = 234.5, p = 0.37; Table 3 ), mean tree density (U = 203.5, p = 0.94; 353 Table 3 ), or Shannon's Diversity Index (U = 244, p = 0.24; Table 3 ). In comparing just 354 trees used by capuchins, we again found no significant differences due to transect 355 location for mean tree DBH (Mann Whitney U; U = 185, p = 0.70; Table 3 ), mean tree 356 species richness (U = 264.5, p = 0.08; Table 3 ), mean tree density (U = 241, p = 0.27; 357 Table 3 ), or Shannon's Diversity Index (U = 264, p = 0.09; Table 3 ). For indicator trees, 358
we found that trees on the edge had a significantly greater DBH than indicator trees in 359 the interior (Mann-Whitney U; U = 274, p = 0.046; Table 3 ). We found no difference Diversity Index (U = 153, p = 0.20; Table 3 ). 363 364 We found that in the dry season, interior transects had significantly less canopy cover 370 than edge transects (Interior x Wet season; Beta = 0.42, SE = 0.17, p = 0.020). We 371 found that there was more canopy coverage in the wet season months than in the dry 372 season (GLM; Wet Season, Beta = 0.31, SE = 0.12, p = 0.014). We also found a 373 significant effect of edge over the interior (Interior, Beta = -0.44, SE = 0.13, p = 0.001; 374 Fig. 4) . In other words, the edge forest is able to better maintain its canopy cover 375 throughout the dry season, while the interior forest does not, following a typical 
Population survey 381
As predicted, both capuchins and howlers showed neutral edge effects (i.e., no 382 significant difference between group encounter rates in edge vs. interior forest). 383
Capuchin encounter rates were lower overall (compared to howler encounters) and did 384 not differ between edge (0.34 groups/km; CI: -2.10, 0.48) and interior forest (0.46 385 groups/km; CI: -0.48, 2.10; p = 0.25; Fig. 5a ). Although there was a higher encounter 386 rate for howlers in edge (1.31 groups/km; CI: -0.38, 0.85) compared to interior forest 387 (0.75 groups/km; CI: -0.85, 0.38; Fig. 5c ), this difference was not significant (p = 0.43). 
Transect Type Mean Canopy Cover Score

Season
Dry Wet (i.e., the river or large canals: 0.78 groups/km; CI: 1.42, 4.41) compared to farther from 391 water (0.15 groups/km; CI: -4.41, -1.42; p = 1.73 x 10-4; Fig. 5b ). Contrary to our 392 predictions, however, howler group encounter rates were also significantly higher near 393 water sources (1.69 groups/km; CI: 0.42, 1.72) compared to farther from water (0.57 394 groups/km; CI: -1.72, -0.42; p = 1.24 x 10-3; Fig. 5d ). capuchins thus far recorded. Here, we asked whether specific features of the forest 401 might allow these capuchins to survive and reproduce at such high densities. Our 402 results suggest that the presence of reliable year-round water sources is critical for 403 capuchins (and possibly for howlers) living in a seasonally dry habitat. For example, 404 capuchins in Santa Rosa National Park (another tropical dry forest in Costa Rica) rely 405 on a limited number of water holes during the dry season, and access to these water 406 holes is thought to be the primary constraint on the capuchin population (Fedigan & 407 Jack, 2001; Fedigan, Rose, & Avila, 1996 , 1998 . In contrast, Taboga has two types of 408
year-round water supply: the river and a system of canals. We did not test whether 409 forest characteristics varied significantly according to distance from water sources. 410 However, because the canals have cement bottoms, we think that it is unlikely that the 411 canals impact the surrounding flora all that much. We will implement future studies to 412 test how forest characteristics vary with proximity to the river (and the associated 413 riparian/semi-deciduous forest type). For example, riparian forests may contain certain 414 fruiting trees central to the capuchin diet, overall larger trees due to year-round water 415 supply, and/or year-round canopy cover. Our results also suggest that howlers at 416
Taboga may be more dependent on permanent water sources than at other sites, as 417 they were also frequently found near permanent water sources. However, this may have 418 more to do with the forest subtype near the river (i.e., evergreen and riparian) than the 419 need to drink water daily (Fedigan & Jack, 2001) . 420 et al., 2018), we found no difference between capuchin (or howler) group encounter 423 rates when we compared edge vs. interior forest. Combined with the overall high 424 capuchin population density, this suggests that despite a large percentage of edge 425 forest (nearly 40% of the 516 hectares), capuchins appear to thrive in forest fragments 426 (Cunha et al., 2006) . Indeed, we found that capuchins were equally likely to find staple 427 food and fur-rubbing species in the edge compared to the interior forest and that the 428 size of these staple species (i.e., DBH) did not vary significantly between edge and 429 interior. Other features of the forest, like canopy height (Fleagle & Mittermeier, 1980 ) 430 and canopy cover (Fedigan & Jack, 2001) have been useful in explaining forest use by 431 other primate taxa. Although we did not record canopy height in this study, we found 432 that the DBH for our trees did not differ from the edge to the interior. Canopy cover 433 showed a very different pattern though. The edge forest in Taboga maintained canopy 434 cover even throughout the dry season, while the interior forest was more deciduous (we 435 expand on possible reasons for this below). For primates, semi-evergreen forest can 436 provide shade and may stay cooler through the hottest months (Fedigan & Jack, 2001; 437 Fedigan et al., 1996) , and therefore both capuchins and howlers might spend more time 438 in edge forest during the dry season (when our primate survey took place) than they do 439 during the wet season. Longitudinal data will determine whether ranging patterns vary 440 seasonally. 441 442 Together, our data suggest that the difference between edge and interior forest at Margules, 1991). This may be because the initial anthropogenic disturbance (i.e., 446 creation of pastures and croplands around the reserve) happened some time ago and 447 the forest is actually in the intermediate stages of regeneration (Kalacska et al., 2004) . 448
Three lines of evidence support this hypothesis. First, both edge and interior forest at 449
Taboga exhibit high species richness and diversity, which also characterize 450 intermediate tropical dry forest succession at nearby Santa Rosa (Kalacska et al., 451 2004 ). Second, tree species that characterize the first stage of tropical dry forest 452 succession (of which many remain through stages 2 & 3) are well-established in the 453 forest edge. Specifically, these trees had a significantly higher mean DBH in edge forest 454 compared to interior forest. Third, the early stages of dry forest succession are 455 characterized by a high percentage of deciduous trees (Kalacska et al., 2004 ). Yet, we 456 found that the edge forest in Taboga was semi-evergreen throughout the dry season. 457
This, of course, raises the question of why the interior forest is more deciduous. It may 458 be that the Taboga Forest is small enough that it lacks a true "interior" (Banks-Leite, 459
Ewers, & Metzger, 2010), and therefore the entire forest represents different stages of 460 regeneration. Alternatively, much of the interior forest is also more elevated and may 461 lack year-round water sources. Finally, flood-irrigation of agricultural land during the dry 462 season might spill-over into edge forests, thus allowing for year-round canopy 463 maintenance. 464
465
Our survey indicates that the Taboga Forest is actually composed of at least three follows the river, and (3) a moist palm forest that retains canopy cover year-round. 469 Future studies should distinguish between these subtypes to test how different 470 microclimates alter edge effects. In addition, the severity of edge effects on forest 471 composition can vary according to the type of disturbance (i.e., road, pastureland, sugar 472 cane/rice plantation, etc.). Thus, the universal 100 m buffer used here may not apply 473 equally to each forest type found in Taboga (Didham et al., 2015; Harper et al., 2005) . 474
For capuchins living in a highly seasonal environment, having distinct habitats may 475 provide a buffer from extreme fluctuations in temperature and rainfall (indeed, 476 preliminary data suggest group ranging varies significantly by forest type between 477 seasons). For example, in 2010, a capuchin population crash on Barro Colorado Island 478 was caused by unusually heavy rains that decimated the arthropod population (a key 479 source of protein for capuchins) (Milton & Giacalone, 2014). In Taboga, the wet and 480 evergreen forest may be less vulnerable to drought or El Niño events (e.g., Campos, 481 Jack, & Fedigan, 2015), while the deciduous tropical dry forest may be less vulnerable 482 to unusually heavy rains and flooding. 483
484
The abundance of the capuchins in Taboga has important implications for conservation 485 efforts. For certain species, the size and disturbance of a forest fragment may matter 486 less than the composition and availability of key resources, like above-ground water. 487
Our analysis here adds to our understanding of factors that influence primate 488 abundance, and also establishes Taboga as critical case study in tropical dry forest 489 dynamics. Future studies will provide a more fine-grained analysis of the possible interaction between edge effects, habitat type, and season, and how these factors 491 influence primate sightings (Gogarten et al., 2012) . For example, we were not able to 492 test here whether primates prefer the river over human-made canals (or vice-versa), 493 though we predict that howlers sightings may be more frequent along the river (i.e., that 494 howlers prefer riverine habitat over others but do not necessarily need to be close to an 495 above-ground water source). For capuchins, the next question is how the high density in 496
Taboga influences ranging patterns, home range overlap, and the frequency and 497 intensity of intergroup encounters (Perry, 1996; Perry 2012) . Preliminary data suggest 498 that intergroup encounters are higher at Taboga than at other sites, but that the intensity 499 of such encounters is lower, which may represent a behavioral adaptation to frequent 500 encounters. 501
